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E-mode

Primordial B-mode
lensing B-mode

In standard ΛCDM only E-modes are 
present at last scattering

Lensing by 
intervening 
structure 
converts some to 
B-modes

Inflationary gravity waves produce B-
modes peaking at l≈100 : degree scales.
Measure tensor-to-scalar ratio, r

Foregrounds

Foregrounds also generate polarized 
emission. Can be teased apart from 
different spectral dependence cf CMB

CMB Polarization anisotropy angular power
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Antenna-coupled TES detectors at multiple frequencies
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Situated at a high, dry desert
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South Pole Research Station,  Antarctica
~10,000ft, ~0.25mm PWV

6 months of cold, stable winter sky with uninterrupted integration

BICEP2/3 Keck Array
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FIG. 10. T , Q, U maps at 95GHz using data taken by two receivers of Keck Array during the 2014 season—we refer to these
maps as BK1495. These maps are directly analogous to the 150GHz maps shown in Fig. 9 except that the instrument beam
filtering is in this case 43 arcmin FWHM.

23GHz used in this work.) Next we show the cumulative
e↵ects of model changes which we have made for this
paper:

We extend the bandpower range from five (20 < ` <
200) to nine (20 < ` < 330) bandpowers—given that
lensing is included in the model there is no real reason
not to include these additional bandpowers (dashed-red
to solid blue). We see that the A

sync

constraint tightens
somewhat.

We switch from the use of Planck single-frequency
split/split cross-spectra (in this case Y1⇥Y2) to full map
auto spectra (blue to cyan). This is done for technical
reasons—substituting in the cross-spectra causes numer-
ical problems in the HL likelihood. The auto spectra
have higher signal-to-noise and the constraint on A

sync

tightens further.
We include the WMAP 23 & 33GHz bands and see

that these have considerable additional power to con-
strain synchrotron (cyan to magenta).

In BKP we used �
s

= �3.3 as this is the mean value
within our field of the “model f” synchrotron spectral in-
dex maps available for download from the WMAP web-

site [24]. However that analysis does not distinguish be-
tween the spectral behavior of temperature and polar-
ization anisotropy. Ref. [23] analyzed the WMAP data
and found a mean value of �

s

= �3.1 ± 0.04 for polar-
ization at high galactic latitude. In this analysis we use
a central value of �

s

= �3.1, and since possible patch-
to-patch variation is poorly constrained, to be conser-
vative we marginalize over a Gaussian prior with width
� = 0.3. More recently Ref. [25] examined the same data
and found �

s

⇡ �3.0 with considerable fluctuation. This
change has very little e↵ect (magenta to yellow).
Polarized synchrotron and dust emission can be spa-

tially correlated—indeed they are guaranteed to be so on
the largest scales. Ref. [25] reports a correlation of 0.2
for 30 < ` < 200. To be conservative in this analysis
we marginalize over the range 0 < ✏ < 1. This causes
the constraint on synchrotron to tighten because of the
non-detection of signal in spectra like P

30

⇥P
353

(yellow
to green). We note that the data prefer the value ✏ = 0
as seen in the upper-right panel of Fig. 4.

In BKP we used ↵
d

= �0.42 following the analysis of
large regions of high latitude sky in Ref. [9], and ↵

s

=
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FIG. 9. T , Q, U maps at 150GHz using all BICEP2/Keck data up to and including that taken during the 2014 observing
season—we refer to these maps as BK14150. The left column shows the basic signal maps with 0.25� pixelization as output
by the reduction pipeline. The right column shows a noise realization made by randomly assigning positive and negative signs
while coadding the data. These maps are filtered by the instrument beam (FWHM 30 arcmin), timestream processing, and
(for Q & U) deprojection of beam systematics. Note that the horizontal/vertical and 45� structures seen in the Q and U signal
maps are expected for an E-mode dominated sky.

Planck bands resulting in 11 auto and 55 cross-spectra.
In Fig. 14 we show all of these together with the
baseline lensed-⇤CDM+dust and upper limit lensed-
⇤CDM+synchrotron models. Note that, as expected
from Fig 8, several spectra contribute to constraining
synchrotron.

Fig. 15 shows the distribution of the normalized de-
viations between the data and the maximum likelihood
(ML) model (i.e. data minus expectation value divided
by the square root of the diagonal of the bandpower co-
variance matrix). Since the bandpower distributions are
not strictly Gaussian we overplot the same quantity from
a set of lensed-⇤CDM+dust+noise simulations evaluated
against their input model. (These simulations use the
model A

d,353 = 3.75µK2, �d = 1.59 and ↵d = �0.42.)
We see one nominally 4.0� point which is bandpower four
of P

217

⇥P
217

(see Fig. 14)—comparing to the simulated
distribution this event it not unlikely. Taking �2 versus
the ML model yields 654, which compared to the distri-

bution from simulations has a PTE of⇠ 0.1. We conclude
that there is no evidence that the signal or noise models
are an inadequate explanation of the data.

Appendix E: Likelihood Variation and Validation

1. Likelihood Evolution

In Fig 5 some evolutionary steps were shown between
the previous BKP analysis and the new BK14 analysis
presented in this paper. Fig 16 shows some additional
detail. The first step is to the alternate analysis including
synchrotron which was shown in Fig. 8 of BKP (solid red
to dashed-red). This used the BK13 maps plus all of
the polarized bands of Planck and set �

s

= �3.3 and
↵
s

= �0.6. (In BKP the synchrotron pivot frequency
was set to 150GHz but since a fixed value of �

s

was used
there we can simply transform the results to the pivot of

BICEP2+Keck through 2014 (150 + 95 GHz)
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B2 + Keck thru 2014 (150 GHz) → 
Final map depth: 3.0 μK’

Keck 2014 (95 GHz)→ 
Final map depth: 7.6 μK’

Observations focused on ~400 deg2 patch = 1% of the sky
BK14:  PRL 116.031302 
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BK14 BB Spectra (150x150, 95x95 and 95x150 GHz)
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BK14:  PRL 116.031302 
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Add data from Planck and WMAP 
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30 
GHz

44 
GHz

70 
GHz

100 
GHz

143 
GHz

217 
GHz

353 
GHz

Planck then provided 
polarized maps at 7 
frequencies 
(two more from WMAP 
at low frequencies 
already existed) 

Polarized galactic 
synchrotron dominates at 

low frequencies

Polarized thermal emission 
(~20K) from galactic dust 

dominates at high frequencies

Planck provides polarization 
measurements in 7 other bands 

at lower S/N, but can be 
included in analysis.  Two WMAP 

bands as well.
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95% confidence

Now beats the 
best constraints 

from 
temperature 

data

BK14 Parameter constraints

BK14:  PRL 116.031302 

Keck 95 GHz 
maps help 

break 
CMB–dust 

degeneracy

foreground spectral indices
(prior dominated)

dust-sync correlation

foreground 
spatial 
behavior
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Constraints on inflation from B modes and T

13

Combined 95% upper limit: r0.05 < 0.07

BK14:  PRL 116.031302 
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Direct measurement of Gravitational Lensing
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arXiv: 1606.01968

Despite modest resolution (0.5°), BK map depth (3μK’) makes it possible to 
directly reconstruct lensing potential ϕ using information at large angular 
scales only (ell≤700)

6 Keck Array and BICEP2 Collaborations

bvL, while the disconnected bias becomes very small in esti-
mating the cross-spectrum between the lensing potential and
curl mode.

3.4.2. Cross-spectrum with Planck

In cross-correlation studies involving Planck we expect the
disconnected bias in cross-spectra to be completely negligi-
ble. The reasons are as follows.

In cross-spectrum analysis, the instrumental noise of the
two experiments is uncorrelated. Disconnected bias can only
arise from sky signal. The Planck 2015 lensing potential is es-
timated from all of the quadratic estimators, including those
involving polarization. Therefore, even in the absence of lens-
ing, two of these quadratic estimators (the EB and T B estima-
tors) are correlated with the EB estimator computed from the
BK14 data through the common sky signal.

In practice, this disconnected bias is small. The correlation
of B-modes between these two experiments does not contain
noise contributions. The four-point correlation, EBEB and
T BEB, are then produced by the CMB B-mode signals but not
by the instrumental noise in B-modes. The uncertainties in the
Planck lensing potential are dominated by instrumental noise,
which is much larger than any possible B-modes on the sky
that can lead to a disconnected bias. To see this more quanti-
tatively, we evaluate the disconnected bias expected from the
⇤CDM B-mode power spectrum and appropriate noise levels,
using the analytic formula based on Hu & Okamoto (2002).
We find that the bias is indeed negligible compared to the re-
construction noise (see Fig. 5).

In addition, since the Planck 2013 lensing potential is
reconstructed from the temperature maps alone, the cross-
spectrum between BK14 and Planck 2013 is free of any dis-
connected bias. In the next section, we show that the cross-
spectrum results with Planck 2013 and Planck 2015 are con-
sistent, again confirming that the disconnected bias in the
Planck 2015 - BK14 cross-spectrum is not significant.

3.4.3. Binned power spectrum and its amplitude

In our analysis the multipoles between 30 and 700 are di-
vided into 10 bins and the bandpowers of the lensing potential
power spectrum C

b

are given at these multipole bins. We es-
timate the amplitude of the lensing potential power spectrum
as a weighted mean over multipole bins

A

��
L =

P
b

a

b

A

bP
b

a

b

, (26)

where A

b

is the relative amplitude of the power spectrum com-
pared with a fiducial power spectrum C

f
b

, i.e., A

b

⌘C

b

/C

f
b

, and
the weights, a

b

, are taken from the bandpower covariance ac-
cording to

a

b

=
X

b

0

C

f
b

Cov

-1
bb

0C
f
b

0 . (27)

The fiducial bandpower values and their covariances are eval-
uated from the simulations. Consequently, A

��
L defined as

above is an amplitude relative to the Planck ⇤CDM predic-
tion.

4. RESULTS
Fig. 2 shows the cross-spectrum of the BK14 and Planck

lensing-mass fields, and the auto-spectrum of the BK14 data
alone. Table 1 shows the bandpowers and 1� statistical errors

FIG. 2.— The lensing-mass power spectrum, C


L

= L

4
C

��
L

/4, estimated
from the cross-spectrum between BK14 and Planck 2015 data (red), and the
auto-spectrum of BK14 data (blue). The black solid line shows the theoretical
spectrum assuming the ⇤CDM cosmology. The BK14 auto-spectrum is offset
in L for clarity.

TABLE 1
THE BANDPOWERS OF THE LENSING-MASS POWER SPECTRUM AND 1�
STATISTICAL ERRORS AT THE CENTER OF EACH BIN, Lc , AS SHOWN IN

FIG. 2. THE VALUES OF THE BANDPOWERS AND ERRORS ARE
MULTIPLIED BY 107.

Lc BK14⇥Planck BK14

63.5 2.33±0.80 2.70±1.53

130.5 0.86±0.47 1.84±0.89

197.5 1.94±0.38 1.05±0.72

264.5 1.11±0.40 0.78±0.67

331.5 0.87±0.40 0.55±0.99

398.5 -0.18±0.43 0.90±1.51

465.5 0.65±0.68 0.28±2.23

532.5 1.03±0.72 4.80±2.85

599.5 0.25±0.71 -0.47±3.66

666.5 1.03±0.98 4.97±6.56

of the lensing power spectrum. Fig. 3 compares the ampli-
tude of the lensing cross-spectrum between BK14 and Planck

to lensed-⇤CDM+dust+noise simulations, while the line and
blue histogram in Fig. 4 do the same thing for the BK14 auto-
spectrum. The observed amplitude estimated from the cross-
spectrum is A

��
L = 1.13± 0.20 and the amplitude estimated

from the auto-spectrum is A

��
L = 1.15±0.36. In each case the

uncertainty is taken from the standard deviation of the lensed-
⇤CDM+dust+noise simulations. We find that these values are
mutually consistent, and are also consistent with the Planck

⇤CDM expectation within the 1� statistical uncertainty.
To evaluate the rejection significance of the no-lensing hy-

pothesis in Fig. 4 we also show the results of a special set
of unlensed-⇤CDM+dust+noise simulations where there is no
sample variance on the lensing component. Assuming Gaus-
sian statistics we find that the no-lensing hypothesis is re-
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ing, two of these quadratic estimators (the EB and T B estima-
tors) are correlated with the EB estimator computed from the
BK14 data through the common sky signal.
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noise contributions. The four-point correlation, EBEB and
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by the instrumental noise in B-modes. The uncertainties in the
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which is much larger than any possible B-modes on the sky
that can lead to a disconnected bias. To see this more quanti-
tatively, we evaluate the disconnected bias expected from the
⇤CDM B-mode power spectrum and appropriate noise levels,
using the analytic formula based on Hu & Okamoto (2002).
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construction noise (see Fig. 5).

In addition, since the Planck 2013 lensing potential is
reconstructed from the temperature maps alone, the cross-
spectrum between BK14 and Planck 2013 is free of any dis-
connected bias. In the next section, we show that the cross-
spectrum results with Planck 2013 and Planck 2015 are con-
sistent, again confirming that the disconnected bias in the
Planck 2015 - BK14 cross-spectrum is not significant.
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tion.

4. RESULTS
Fig. 2 shows the cross-spectrum of the BK14 and Planck
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of the lensing power spectrum. Fig. 3 compares the ampli-
tude of the lensing cross-spectrum between BK14 and Planck

to lensed-⇤CDM+dust+noise simulations, while the line and
blue histogram in Fig. 4 do the same thing for the BK14 auto-
spectrum. The observed amplitude estimated from the cross-
spectrum is A

��
L = 1.13± 0.20 and the amplitude estimated

from the auto-spectrum is A

��
L = 1.15±0.36. In each case the

uncertainty is taken from the standard deviation of the lensed-
⇤CDM+dust+noise simulations. We find that these values are
mutually consistent, and are also consistent with the Planck

⇤CDM expectation within the 1� statistical uncertainty.
To evaluate the rejection significance of the no-lensing hy-

pothesis in Fig. 4 we also show the results of a special set
of unlensed-⇤CDM+dust+noise simulations where there is no
sample variance on the lensing component. Assuming Gaus-
sian statistics we find that the no-lensing hypothesis is re-
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Physics from anisotropic cosmic birefringence

15
The BICEP/Keck Collaboration

Cosmological origins of anisotropies of polarization rotation
● Axion-like particles
String theory generally predicts presence of axion-like particles 
coupled with electromagnetic fields

This coupling leads to spatial variation of polarization angle rotation 

● Primordial magnetic fields
Lead to the polarization rotation by Faraday rotation

rotation angle 
Changes in phi during 
photon propagation

Coupling constant

Measurement of the anisotropic polarization rotation 
is a unique probe of the early universe and provides 
important implications for high energy physics! 

(e.g. Pospelov+’09, Caldwell+’11)

(e.g. Kosowsky&Loeb’96, Harari+’97)
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Constraints from rotation anisotropy power 4

FIG. 1: Angular power spectrum of rotation anisotropies
measured from BK14 real data using the standard lensed-
⇤CDM+noise+dust simulation to obtain the power spectrum
and uncertainties. In addition to the baseline analysis we
also show cases with di↵erent choices of CMB multipole range
used for the rotation angle reconstruction and a case without
inclusion of the dust simulation. We group the multipoles up
to 700 into 10 bins. The solid line shows the scale-invariant
spectrum of Eq. (5) with ACB = 1.

angle reconstruction and the case without a dust compo-
nent. We calculate the �2-PTE for the baseline analysis
and each variant analysis against the null-hypothesis. For
the baseline case the �2-PTE is found to be 0.25. The
�2-PTE for other cases are in the range between 0.18 to
0.59. These results indicate that the reconstructed spec-
trum is consistent with the null hypothesis irrespective
of the choice of the multipole range and the inclusion of
dust in the simulations. Fig. 1 indicates that, to con-
strain the model of Eq. (5), the largest-scale multipole
bin is the most important. One advantage of BK14 data
is the capability of measuring such large scales.

Fig. 2 shows the histogram of bACB for each realization
of the null (lensed ⇤CDM+noise+dust) simulations. The
observed bACB is shown as the vertical solid line, and is
consistent with the null hypothesis. The rotation spec-
trum amplitude is estimated from Eq. (12). We also show
the histogram obtained from the POLARBEAR analysis
[33]. The statistical uncertainties for BK14 are an order
of magnitude smaller.

Cosmological implications.— To obtain a constraint
on ACB, we next apply the direct likelihood method of
Ref. [34] to ACB. We run simulations with varying over-
all amplitude of the input scale-invariant spectrum up to
ACB = 1.5 to obtain the distribution of bACB for each
value of the input ACB. The posterior distribution for
the amplitude parameter ACB is obtained from this direct
likelihood by assuming a flat prior on ACB for ACB  1.5.
The resulting constraint is ACB  0.33 at 95% confi-

FIG. 2: Histogram of rotation spectrum amplitude bACB from
BK14 data. The blue histogram shows the results from the
standard ⇤CDM simulations while the green histogram shows
the POLARBEAR result [33]. The blue vertical line shows
the value from the observed spectrum.

dence and is the best constraint on cosmic birefringence
anisotropies to date.
This ACB constraint can be translated into constraints

on coupling between a pseudoscalar Nambu-Goldstone
boson and photons

fa � 1.7⇥ 102
HI

2⇡
(14)

where HI is the expansion rate at the inflationary era.
This is at least an order of magnitude better than the
constraint from uniform rotation of Ref. [5].
Following Refs. [16, 25, 35], we can also convert the

above upper bound to the amplitude of the PMFs. The
above result constrains the strength of the scale-invariant
PMFs smoothed over 1Mpc to B1Mpc  30nG.
Note that a BB spectrum is also generated by the

anisotropies of the cosmic birefringence through conver-
sion from E to B modes. The BK14 BB spectrum is,
however, less sensitive to cosmic polarization rotation
anisotropies than C↵↵

L , and the upper bound on the cos-
mic polarization rotation anisotropies using the BB spec-
trum is much larger than ACB  0.33. In other words,
the results in this Letter also rule out significant contri-
butions from cosmic birefringence to BK14’s main BB
results, a possibility raised by Ref. [36].
Discussion— The BK14 data have been extensively

searched for possible systematics in previous publica-
tions. To further test potential systematic contamina-
tion in the measured rotation spectrum, we perform rota-
tion reconstruction on di↵erenced (“jackknife”) maps and
check whether they are consistent with null (see Ref. [37]
for the details of the jackknife maps). Table I shows the

4
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trum is much larger than ACB  0.33. In other words,
the results in this Letter also rule out significant contri-
butions from cosmic birefringence to BK14’s main BB
results, a possibility raised by Ref. [36].
Discussion— The BK14 data have been extensively

searched for possible systematics in previous publica-
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for the details of the jackknife maps). Table I shows the

arXiv: 1705.02523

4

FIG. 1: Angular power spectrum of rotation anisotropies
measured from BK14 real data using the standard lensed-
⇤CDM+noise+dust simulation to obtain the power spectrum
and uncertainties. In addition to the baseline analysis we
also show cases with di↵erent choices of CMB multipole range
used for the rotation angle reconstruction and a case without
inclusion of the dust simulation. We group the multipoles up
to 700 into 10 bins. The solid line shows the scale-invariant
spectrum of Eq. (5) with ACB = 1.

angle reconstruction and the case without a dust compo-
nent. We calculate the �2-PTE for the baseline analysis
and each variant analysis against the null-hypothesis. For
the baseline case the �2-PTE is found to be 0.25. The
�2-PTE for other cases are in the range between 0.18 to
0.59. These results indicate that the reconstructed spec-
trum is consistent with the null hypothesis irrespective
of the choice of the multipole range and the inclusion of
dust in the simulations. Fig. 1 indicates that, to con-
strain the model of Eq. (5), the largest-scale multipole
bin is the most important. One advantage of BK14 data
is the capability of measuring such large scales.

Fig. 2 shows the histogram of bACB for each realization
of the null (lensed ⇤CDM+noise+dust) simulations. The
observed bACB is shown as the vertical solid line, and is
consistent with the null hypothesis. The rotation spec-
trum amplitude is estimated from Eq. (12). We also show
the histogram obtained from the POLARBEAR analysis
[33]. The statistical uncertainties for BK14 are an order
of magnitude smaller.

Cosmological implications.— To obtain a constraint
on ACB, we next apply the direct likelihood method of
Ref. [34] to ACB. We run simulations with varying over-
all amplitude of the input scale-invariant spectrum up to
ACB = 1.5 to obtain the distribution of bACB for each
value of the input ACB. The posterior distribution for
the amplitude parameter ACB is obtained from this direct
likelihood by assuming a flat prior on ACB for ACB  1.5.
The resulting constraint is ACB  0.33 at 95% confi-

FIG. 2: Histogram of rotation spectrum amplitude bACB from
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the value from the observed spectrum.
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BK 2015 preview 

• Include our own 220 
GHz data

• Dust decorrelation will 
be included in likelihood 
model

• Marginalize over 
instrumental systematic 
nuisance parameters

• T to P leakage from 
undeprojected beam 
systematics

• Uncertainties in band 
centers
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Keck 220 GHz now 
3x deeper than 
Planck 217 GHz!



BKP
BK14 BK15
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Currently Designing BICEP Array Cryostat 

Right now UMN grad student Mike Crumrine is designing the BICEP 
Array cryostat (right) 
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Keck BICEP3 BICEP Array

BICEP Array (30k sensors over 30, 40, 95, 150, 220, 270 GHz)
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Currently Designing BICEP Array Telescope Mount 

This time next year this machine will be in the PAN high-bay for 
outfitting – then it will be shipped to South Pole for installation 

BICEP Array mount fabrication to start imminently
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Thanks for your attention!
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